Dasinger JH, Intapad S, Backstrom MA, Carter AJ, Alexander BT. Intrauterine growth restriction programs an accelerated agerelated increase in cardiovascular risk in male offspring. Am J Physiol Renal Physiol 311: F312-F319, 2016. First published May 4, 2016 doi:10.1152/ajprenal.00123.2016.-Placental insufficiency programs an increase in blood pressure associated with a twofold increase in serum testosterone in male growth-restricted offspring at 4 mo of age. Population studies indicate that the inverse relationship between birth weight and blood pressure is amplified with age. Thus, we tested the hypothesis that intrauterine growth restriction programs an age-related increase in blood pressure in male offspring. Growth-restricted offspring retained a significantly higher blood pressure at 12 but not at 18 mo of age compared with age-matched controls. Blood pressure was significantly increased in control offspring at 18 mo of age relative to control counterparts at 12 mo; however, blood pressure was not increased in growth-restricted at 18 mo relative to growth-restricted counterparts at 12 mo. Serum testosterone levels were not elevated in growth-restricted offspring relative to control at 12 mo of age. Thus, male growth-restricted offspring no longer exhibited a positive association between blood pressure and testosterone at 12 mo of age. Unlike hypertension in male growth-restricted offspring at 4 mo of age, inhibition of the renin-angiotensin system with enalapril (250 mg/l for 2 wk) did not abolish the difference in blood pressure in growth-restricted offspring relative to control counterparts at 12 mo of age. Therefore, these data suggest that intrauterine growth restriction programs an accelerated age-related increase in blood pressure in growth-restricted offspring. Furthermore, this study suggests that the etiology of increased blood pressure in male growth-restricted offspring at 12 mo of age differs from that at 4 mo of age. low birth weight; accelerated aging; cardiovascular risk; blood pressure; renin-angiotensin system HYPERTENSION IS A MAJOR RISK factor for cardiovascular (CV) mortality worldwide (2). Age is also a risk factor for CV disease since blood pressure (BP) increases with age (31). Aging is a progressive process that results in decreased function in all organ systems (14), and increased susceptibility to diseases such as hypertension (41). In a recent study from the National Health and Nutrition Examination Survey, 50% of adults over the age of 55 develop hypertension (30). Of these, resistant hypertension is estimated to affect ϳ55% (46). Despite the high rates of hypertension in the older population, the proper treatment for BP control in these patients is not wellstudied due to a lack of clinical trials investigating age-related hypertension (17). Thus, studies addressing the etiology of essential hypertension in the elderly and its long-term effect on CV risk are warranted.
HYPERTENSION IS A MAJOR RISK factor for cardiovascular (CV) mortality worldwide (2) . Age is also a risk factor for CV disease since blood pressure (BP) increases with age (31) . Aging is a progressive process that results in decreased function in all organ systems (14) , and increased susceptibility to diseases such as hypertension (41) . In a recent study from the National Health and Nutrition Examination Survey, 50% of adults over the age of 55 develop hypertension (30) . Of these, resistant hypertension is estimated to affect ϳ55% (46) . Despite the high rates of hypertension in the older population, the proper treatment for BP control in these patients is not wellstudied due to a lack of clinical trials investigating age-related hypertension (17) . Thus, studies addressing the etiology of essential hypertension in the elderly and its long-term effect on CV risk are warranted.
The developmental origins of adult health and disease (DOHaD) hypothesis suggests that an adverse environment during early life programs an increased risk for CV disease in later life (4) . Birth weight is inversely related to BP in childhood (16, 26) and in a manner that is amplified with age (8, 24) . BP is also elevated in individuals born preterm (9) , in particular those born with intrauterine growth restriction (IUGR) (23) . Experimental models of IUGR demonstrate that BP is increased in offspring exposed to a developmental insult (1, 34, 43, 44) . Yet, few studies investigate the effect of aging on increased CV risk that has its origins in fetal life. In the experimental model of developmental programming induced by administration of an angiotensin II (ANG II) type 1 receptor antagonist (ARA) during postnatal days 1-14 in the rat, BP is elevated in ARA male offspring at 11 mo of age relative to vehicle-treated controls (37) . BP remains elevated in ARA-treated animals at 17 mo of age compared with age-matched controls (37) . Yet, BP is increased in ARA-treated male offspring at 17 mo of age relative to ARA-treated males at 11 mo of age (37) , suggesting that BP in offspring exposed to this developmental insult is augmented with age. However, the mechanisms involved remain unclear.
To elucidate the long-term effects of IUGR on CV risk, our laboratory utilizes a rodent model of IUGR induced by placental insufficiency at day 14 of gestation in the Sprague-Dawley (SD) rat (1) . Male growth-restricted offspring exhibit a significant increase in BP at 4 mo of age that is testosteronedependent (32) , whereas female growth-restricted offspring remain normotensive in young adulthood (1) . While the female growth-restricted offspring are protected against an increase in BP at 4 mo of age (1), they develop an age-related increase in BP by 12 mo of age (21) . Since female growth-restricted offspring exhibit an age-related increase in BP, the first aim of this study tested the hypothesis that IUGR programs an agerelated increase in BP in male growth-restricted offspring.
Increased risk of CV disease in individuals born preterm or IUGR may involve programming of the renin-angiotensin system (RAS). Expressions of circulating ANG II and angiotensin-converting enzyme (ACE) are elevated in small for gestational age boys that exhibit a significant increase in BP relative to appropriate for gestational age boys (15) . We previously reported that male growth-restricted offspring exhibit a significant increase in renal renin, angiotensinogen, and ACE mRNA expression at 4 mo of age (18) when male growth-restricted rats exhibit a significant increase in BP (32) .
In addition, we previously demonstrated that ACE inhibition administered for 2 wk before measure of BP abolishes hypertension in male growth-restricted offspring at 4 mo of age (32) . RAS blockade also abolishes hypertension at 4 mo of age in rat offspring exposed to maternal undernutrition (6, 28) , indicating a similar etiology of increased BP despite a different experimental model of fetal insult. Thus, these studies demonstrate a role for the RAS in the etiology of increased BP that has its origins in fetal life.
Our previous studies also indicate that male growth-restricted rats exhibit an enhanced BP response to acute ANG II at 4 mo of age that is also testosterone-dependent (33) . Aging results in an increase in activity and responsiveness of the RAS in the human population (11) . Whether enhanced BP sensitivity to acute ANG II persists with age and whether the RAS contributes to age-related increases in BP in male growthrestricted offspring is unknown. Therefore, we also tested the hypothesis that age increases enhanced BP sensitivity to acute ANG II in male growth-restricted offspring and that inappropriate activation of the RAS contributes to an age-related increase in BP in male growth-restricted offspring relative to control counterparts at 12 and 18 mo of age.
METHODS
All experimental protocols were approved by the Animal Care and Use Committee at the University of Mississippi Medical Center and procedures were conducted in accordance with National Institutes of Health guidelines. Rats were housed in a temperature-controlled room (23°C) with a 12:12-h light-dark cycle. Food and water were made available ad libitum. Timed pregnant SD rats were purchased from Harlan (Indianapolis, IN). At day 14 of gestation, rats intended for reduced uterine perfusion were clipped as described below. A sham procedure was conducted on dams at day 14 of gestation to generate control offspring. All pregnant rats were allowed to deliver at term with birth weights recorded within 12 h of delivery. Pups in control and reduced uterine perfusion litters were culled to four female and four male pups per dam to allow equal nutrition access for all offspring; however, only male offspring were utilized in this study and only one male offspring per litter was used per study variable. Male offspring from 21 control (sham) pregnant and 23 reduced uterine perfusion pregnant rats were randomly assigned to groups studied at 12 or 18 mo of age.
Reduced uterine perfusion in the pregnant rat. Reduced uteroplacental perfusion or a sham procedure was performed on day 14 of gestation in timed pregnant SD rats as previously described to induce IUGR (1) .
Measurement of mean arterial pressure. Mean arterial pressure (MAP) was measured as previously described in control and growthrestricted male offspring at 12 mo of age in one study group and at 18 mo of age in a second study group (32) . In brief, rats were surgically implemented with a catheter in the right carotid artery. MAP was measured 24 h after recovery in the conscious state using a dataacquisition kit (DATAQ Instruments, Akron, OH) followed by collection of blood and tissue samples for further analysis.
Chronic blockade of the RAS. Male offspring were treated with enalapril, an ACE inhibitor, for 2 wk (250 mg/l) in drinking water (32) to block the endogenous RAS; vehicle-treated animals were maintained on drinking water. Both groups were provided water ad libitum. BP was measured at the end of the 2-wk administration of vehicle or enalapril as described above in one group of animals studied at 12 and another at 18 mo of age.
Measurement of the MAP response to acute ANG II in male control and growth-restricted offspring. To determine the BP response to acute ANG II, male control and growth-restricted rats were pretreated with enalapril for 2 wk in one group of animals at 12 mo of age, and in a second group at 18 mo of age. In brief, animals were instrumented with a carotid arterial catheter and after a 24-h recovery, baseline MAP was measured in the conscious state for 30 min before and after an acute infusion of ANG II (100 ng·kg Ϫ1 ·min Ϫ1 in 0.9% saline solution; Sigma, St. Louis, MO) as previously described (33) .
Isolation and quantitation of mRNA using real-time PCR (qRT-PCR).
Kidneys were separated into cortical and medullary sections and then were flash-frozen in liquid nitrogen and stored at Ϫ80°C. Total RNA was isolated from the renal cortex and medulla using NucleoSpin RNA (Machery-Nagel, Bethelhem, PA). cDNA was synthesized from 1 g of RNA using the iScript cDNA Synthesis Kit (BioRad, Hercules, CA). qRT-PCR was performed using iQ SYBR Green Supermix (BioRad) and the CFX96 Touch Real-Time PCR Detection System (BioRad). The following primer sequences (Integrated DNA Technologies) were used for quantitation of renin (forward: tgatcctggtcatgtctactcc, reverse: cctcttgtagcttcagtctcc), angiotensinogen (forward: caggtcaggatgcagaagatg, reverse: ggatagctgtgcttgtctgg), ACE (forward: caccaattcctccatgttcac, reverse: tgttagagaagccaaccgatg), angiotensin type 1a receptor (forward: cactattcgaaatccacttgacc, reverse: ctctcagctctgccacattc), and angiotensin type 1b receptor (forward: tgctctctgacactatttaaaatgc, reverse: gacacacacagcctttcca). Levels of mRNA expression were calculated using the mathematical formula for delta/delta CT recommended by Applied Biosystems (Applied Biosystems User Bulletin, No. 2, 1997, Foster City, CA).
Serum testosterone levels were measured using a commercially available kit (Coat-A-Count Total Testosterone Assay kit; Diagnostics Products, Los Angeles, CA).
Body composition including total fat mass and total lean mass was determined in conscious animals using an Echo-MRI-700 (Echo Medical Systems, Houston, TX) at 12 and 18 mo of age as previously described (21) .
Statistics. Data are presented as means Ϯ SE, with n representing the number of male offspring per group. Baseline MAP, systemic responses to ANG II, and plasma testosterone levels in each group were compared using two-way ANOVA (Prism 5.0, GraphPad, San Diego, CA). The two different factors studied via two-way ANOVA included 1) the effect of IUGR on each variable and 2) the effect of age on each variable. Post hoc testing was performed using Bonferroni's multiple-comparisons test where appropriate. Differences were reported as significant when P Ͻ 0.05.
RESULTS

Birth weight, body weight, and total fat mass; effect of age.
Birth weight was significantly reduced in growth-restricted compared with control (P Ͻ 0.05; Table 1 ). However, body weight did not differ between growth-restricted and control at 12 mo and remained similar at 18 mo of age (Table 1) . Total fat mass was similar in growth-restricted offspring compared with their age-matched control counterparts at 12 and 18 mo of age (Table 1) .
MAP in control and growth-restricted offspring; effect of age. MAP was significantly higher in growth-restricted offspring compared with control offspring at 12 mo of age (P Ͻ 0.05, IUGR vs. control; Fig. 1 ). Yet, by 18 mo, MAP did not differ upon comparison of growth-restricted relative to agematched control (Fig. 1) .
Serum testosterone levels in male control and growth-restricted offspring; effect of age. Serum testosterone levels did not differ upon comparison of growth-restricted offspring relative to control counterparts at 12 or 18 mo of age (P Ͼ 0.05, IUGR vs. control; Fig. 2) .
MAP in male control and growth-restricted offspring; effect of ACE inhibition. MAP remained significantly elevated in enalapril-treated growth-restricted offspring relative to enalapril-treated control at 12 mo of age (P Ͻ 0.05, IUGR vs. control; Fig. 3A) . MAP did not differ in enalapril-treated growth-restricted relative to enalapril-treated controls at 18 mo of age (Fig. 3B) .
BP response to acute ANG II in male control and growthrestricted offspring; effect of age. In response to acute ANG II, growth-restricted offspring exhibited an elevated MAP at 12 mo of age compared with control counterparts ( Fig. 4A ; P Ͻ 0.05, IUGR vs. control). By 18 mo of age, MAP following acute ANG II was similar in growth-restricted relative to control (Fig. 4A) . The change in MAP between baseline BP vs. acute ANG II BP (⌬BP) was significantly greater in control offspring at 18 mo of age relative to the ⌬BP in control at 12 mo of age (P Ͻ 0.05, 12-mo ⌬BP vs. 18-mo ⌬BP; Fig. 4B ). However, the ⌬BP in growth-restricted offspring at 12 mo of age did not differ relative to the ⌬BP in growth-restricted offspring at 18 mo of age (P Ͼ 0.05, 12-mo ⌬BP vs. 18-mo ⌬BP; Fig. 4B ).
Intrarenal mRNA expression of the RAS in aged male control and growth-restricted offspring. Intrarenal renin mRNA expression within the cortex was significantly increased in growth-restricted offspring at 12 mo of age compared with age-matched controls (Fig. 5A ). Yet, the difference in renal cortical renin mRNA expression between control and growthrestricted offspring was abolished by 18 mo of age (Fig. 5A) . Cortical renin mRNA expression did not differ in growthrestricted offspring at 12 mo of age relative to 18-mo-old counterparts (Fig. 5A) . Medullary renin mRNA expression did not differ at 12 mo of age between control and growthrestricted (Fig. 5B) . Age did not alter expression in either group. Cortical angiotensinogen mRNA expression also did not differ upon comparison of control and growth-restricted offspring at 12 or 18 mo of age; however, there was a significant increase in cortical angiotensinogen mRNA expression in control offspring at 18 mo of age relative to 12-mo counterparts (Fig. 5C ). Medullary angiotensinogen mRNA expression was significantly increased in growth-restricted offspring relative to age-matched controls at 12 mo of age (Fig.  5D ), but medullary angiotensinogen mRNA expression was lower at 18 mo of age in growth-restricted relative to 12-mo counterparts. Cortical or medullary expression of the angiotensin type 1a and 1b receptor (ATR1a and ATR1b) did not differ in control relative to growth-restricted offspring at 12 mo of age (Fig. 5, E-H) ; age did not alter expression (Fig. 5, E-H) . Cortical ACE mRNA expression did not differ at either 12 or 18 mo of age upon comparison of control to growth-restricted offspring (Fig. 5I) . Medullary ACE mRNA expression also did not differ between control and growth-restricted offspring at 12 or 18 mo of age; however, medullary ACE mRNA expression was significantly higher at 18 mo of age in control and growth-restricted offspring compared with their 12 mo of age counterparts (Fig. 5J ).
DISCUSSION
The main findings from this study indicated that 1) growthrestricted offspring retained a significantly higher MAP at 12 but not 18 mo of age compared with age-matched controls. MAP was significantly elevated in control offspring at 18 mo of age relative to control counterparts at 12 mo of age; but MAP did not differ upon comparison of growth-restricted offspring at 18 mo of age relative to growth-restricted counterparts at 12 mo of age. Thus, these findings suggested that IUGR programmed an accelerated age-related increase in BP in male growth-restricted offspring. 2) Additional data from this study demonstrated that despite the retained increase in MAP at 12 mo of age, serum testosterone levels were not elevated in growth-restricted offspring relative to control. Thus, unlike their counterparts at 4 mo of age, male growthrestricted offspring no longer exhibited a positive association between BP and testosterone at 12 mo of age. 3) Age also altered the BP response to chronic blockade of the RAS. Unlike growth-restricted counterparts at 4 mo of age (32) , MAP in enalapril-treated growth-restricted offspring at 12 mo of age remained increased relative to enalapril-treated control, Fig. 1 . Effect of age on mean arterial pressure (MAP). Male control and intrauterine growth-restricted (IUGR) offspring measured in conscious, chronically instrumented animals at 12 mo of age (control n ϭ 14 and IUGR n ϭ 9) and at 18 mo of age (control n ϭ 5 and IUGR n ϭ 6). *P Ͻ 0.05 vs. age-matched control. Data values represent means Ϯ SE. Fig. 2 . Serum testosterone in male control and male IUGR offspring at 12 mo of age (control n ϭ 12 and IUGR n ϭ 10) and at 18 mo of age (control n ϭ 10 and IUGR n ϭ 10). †P Ͻ 0.05 vs. 12 mo of age control. Data values represent means Ϯ SE.
suggesting that factors other than the RAS contribute to the significant increase in BP at 12 mo of age in male growthrestricted offspring. 4) Lastly, the ⌬BP between baseline BP vs. acute ANG II BP was higher in control offspring at 18 mo of age relative to the ⌬BP in control at 12 mo. Although growth-restricted offspring exhibited a higher ⌬BP at 12 mo of age relative to age-matched control, the ⌬BP was similar at 18 mo of age in growth-restricted relative to age-matched controls. Importantly, the ⌬BP was similar in growth-restricted at 12 mo compared with the ⌬BP in growth-restricted offspring at 18 mo of age, suggesting that IUGR programmed accelerated CV risk in the male growth-restricted rat.
The first aim of this study tested the hypothesis that IUGR programs an age-related increase in BP. Findings from this study demonstrated that growth-restricted offspring retained a significantly higher MAP at 12 mo of age relative to agematched controls; yet, the significant difference in MAP between growth-restricted and age-matched controls was abolished at 18 mo of age. We previously reported that male growth-restricted offspring exhibit an enhanced BP response to acute ANG II infusion at 4 mo of age (33) . Prenatal exposure to nicotine programs an enhanced sensitivity to acute ANG II that is heightened by 22 mo of age relative to 5 mo in male rats implicating that age augments sensitivity to acute ANG II following a developmental insult (40) . Thus, the second aim of this proposal tested the hypothesis that age increases enhanced BP sensitivity to acute ANG II in male growth-restricted offspring relative to age-matched controls. The ⌬BP between baseline and acute ANG II was significantly higher in control offspring at 18 mo of age relative to the ⌬BP in controls at 12 mo. Tank et al. (39) previously reported that the BP response to acute ANG II (100 ng·kg Ϫ1 ·min Ϫ1 ) in male SD rats is similar at 3 and 15 mo of age. However, our studies indicated that in the presence of blockade of the endogenous RAS, the acute BP response to ANG II (100 ng·kg Ϫ1 ·min Ϫ1 ) was higher at 18 mo of age (⌬BP 27 mmHg) relative to that observed at 12 mo (⌬BP 19 mmHg) in control or normal birth weight SD offspring. Although growth-restricted offspring at 12 mo of age exhibited a higher MAP in response to acute ANG II relative to age-matched control counterparts, the ⌬BP between baseline and acute ANG II was less in growth-restricted offspring at 12 mo of age (⌬BP 25 mmHg) relative to that previously reported for growth-restricted offspring at 4 mo of age (⌬BP 48 mmHg) (33) . Furthermore, BP following acute ANG II did not differ upon comparison of growth-restricted offspring at 18 mo of age relative to age-matched control counterparts, and the ⌬BP was similar in growth-restricted offspring at 12 mo of age relative to 18-mo growth-restricted rats (⌬BP 24 mmHg). Thus, these data indicate that an agerelated increase in the BP response to acute ANG II was present in male control SD rats between 12 and 18 mo of age but not in male growth-restricted, suggesting that IUGR programs accelerated CV aging in male rats that was abolished relative to age-matched male controls by 18 mo of age.
Despite the significantly higher MAP at 12 mo of age in male growth-restricted offspring, testosterone levels were similar in the growth-restricted offspring relative to age-matched controls. Longitudinal studies in normal aging men demonstrate that testosterone levels decline with age (12, 20) . Moreover, clinical studies report an inverse relationship between testosterone levels and BP in men (13, 38) . Together, these studies suggest that a decrease in circulating testosterone levels contributes to the increased risk for hypertension in aging men. Studies addressing testosterone and BP in low birth weight Fig. 3 . Effect of renin-angiotensin system (RAS) blockade with the angiotensin-converting enzyme (ACE) inhibitor enalapril (250 mg/l for 2 wk) on MAP in male control and IUGR rats. MAP was measured at 12 mo of age (control n ϭ 11 and IUGR n ϭ 12) and at 18 mo of age (control n ϭ 5 and IUGR n ϭ 6) following the 2-wk exposure to enalapril or vehicle. *P Ͻ 0.05 vs. agematched control. †P Ͻ 0.05 vs. 12 mo IUGR. Data values represent means Ϯ SE. ) in conscious, chronically instrumented animals at 12 and 18 mo of age that were pretreated with the ACE inhibitor enalapril. 12-mo group: control n ϭ 11, IUGR n ϭ 12; 18-mo group: control n ϭ 5, IUGR n ϭ 6. *P Ͻ 0.05 vs. controls at baseline. †P Ͻ 0.05 vs. IUGR at baseline. All data are means Ϯ SE. , cortical angiotensin receptor type 1a mRNA expression (E), medullary angiotensin receptor type 1a mRNA expression (F), cortical angiotensin receptor type 1b mRNA expression (G), medullary angiotensin receptor type 1b mRNA expression (H), cortical ACE mRNA expression (I), and medullary ACE mRNA expression (J) in male control (n ϭ 8) and male IUGR offspring (n ϭ 7) at 12 mo of age and male control (n ϭ 5) and male IUGR offspring (n ϭ 6) at 18 mo of age. Data are expressed as fold changes relative to the mean expression level of the vehicle-treated control rats that were arbitrarily defined as 1. *P Ͻ 0.05 vs. age-matched counterpart. †P Ͻ 0.05 vs. IUGR at 12 mo of age. ‡P Ͻ 0.05 vs. control at 12 mo of age. men are limited. However, our laboratory previously reported that BP is positively associated with testosterone in male growth-restricted offspring at 4 mo of age (32) . Furthermore, castration abolishes the significant increase in BP (32) and the enhanced sensitivity to acute ANG II (33) in male growthrestricted offspring at 4 mo of age, suggesting that increased CV risk following IUGR in the male rat is testosterone dependent. A role for elevated testosterone in the developmental programming of increased CV risk is also reported by others. In the model of IUGR induced via bilateral uterine ligation, serum testosterone levels are positively associated with BP in male offspring at 4 mo of age (5) . Early life stress (ELS) programs exacerbated ANG II-hypertension associated with a significant increase in testosterone in male ELS offspring at 3 mo of age (25) . Thus, these studies also suggest a permissive role for elevated testosterone in the etiology of increased CV risk in male offspring exposed to a developmental insult. Rodriguez-Gonzalez et al. (35) report that fetal exposure to maternal protein restriction programs an accelerated decline in circulating testosterone levels in male rats. Circulating testosterone levels in male growth-restricted offspring at 12 mo of age were similar to that previously reported by our laboratory for male control offspring at 4 mo of age (32, 33) . A direct test of the importance of testosterone as a contributor to increased BP and enhanced sensitivity to acute ANG II at 12 mo of age in male growth-restricted offspring was not conducted. Yet, collectively, results from studies in male growth-restricted offspring at 4 (32, 33) and 12 mo of age in the current study suggest that increased circulating testosterone levels in male growth-restricted offspring contribute to accelerated CV. Yet, factors other than an increase in testosterone per se are involved at 12 mo of age, before catch-up to control counterparts by 18 mo of age, in the pathogenesis of elevated CV risk induced by IUGR in the male rat.
Testosterone upregulates renal renin and angiotensinogen expression in experimental models of hypertension (7, 45) . We previously reported that hypertension is abolished by blockade of the RAS in male growth-restricted offspring at 4 mo of age (32) . Although the significantly higher BP in male growthrestricted offspring at 12 mo of age was not associated with a significant elevation in testosterone, we also determined whether the RAS remained a contributor to increased BP in male growth-restricted offspring at 12 mo of age. The RAS plays a critical role in regulation of salt and water balance (19) , and numerous experimental studies indicate that expression of the RAS is altered in response to a developmental insult (29) . Male children born small for gestational age have increased circulating levels of ANG II and ACE activity that correlate to elevated BP compared with children born appropriate for gestational age (15) . Whether increases in expression of the RAS persist into adulthood following low birth weight within the human population is not yet known. We previously reported that renal renin and angiotensinogen mRNA expressions are suppressed in newborn male growth-restricted offspring relative to male control at birth, are not altered in hypertensive male growth-restricted relative to male controls before puberty, but are significantly elevated in conjunction with increased ACE mRNA expression and activity in male growth-restricted offspring that remain hypertensive at 4 mo of age (18) . Suppression of the intrarenal expression of the RAS at birth is reported in male growth-restricted offspring exposed to maternal protein restriction during fetal life (42, 44) ; however, mRNA expression for the renal AT1aR but not renal ANG II is increased at 1 mo of age in protein-restricted offspring (42) . Plasma renin activity is decreased with age in normotensive populations (3) and intrarenal expressions of renin and ACE mRNA are decreased in male SD rats from 3 to 12 mo (22) . However, the temporal expression and the relative importance of the RAS as it relates to age-matched changes in BP across the lifespan following a developmental insult are not yet reported. In the present study, cortical mRNA expression of angiotensinogen was higher in control offspring at 18 relative to 12 mo of age. Medullary mRNA expression of ACE was also higher in control offspring at 18 mo of age relative to 12-mo control when BP was elevated at 18 mo of age relative to BP in control at 12 mo. Thus, these results suggest that the age-related increase in BP in male control at 18 mo of age was associated with an age-related increase in expression of medullary angiotensinogen and ACE. Previously, using dot blot technology Jung et al. (22) reported no change in renal ACE at 3 vs. 12 mo of age in the male SD rat; whether ACE was elevated at 18 mo relative to 12 mo of age was not determined.
Male growth-restricted offspring demonstrated a significant increase in cortical renin mRNA expression in association with the significant increase in BP at 12 mo of age relative to age-matched controls. However, cortical renin mRNA expression was lower at 18 mo of age in growth-restricted offspring relative to 12-mo counterparts. Medullary mRNA expression of angiotensinogen was also elevated in hypertensive growthrestricted offspring relative to age-matched normotensive control at 12 mo of age but this increase was not observed at 18 mo of age. Although blockade of the RAS decreased BP in growthrestricted rats at 12 mo of age, it did not abolish the significant increase in BP in growth-restricted rats relative to enalapriltreated controls at 12 mo of age. Thus, these data indicate that the RAS contributes to the increase in BP in male growthrestricted rats at 12 mo of age, but other mechanisms also play a contributory role. Additionally, data from this study indicate that increased expression of the RAS was present in the absence of increased testosterone at 12 mo of age and that temporal changes in expression of the RAS continue across the lifespan following a developmental insult.
Through the natural aging process, glomerular filtration rate (GFR) declines with age (10) in association with a decrease in nephron number (36) . Nephron number is reduced in many experimental models of developmental programming (34, 44) . We previously reported that GFR is not reduced in male growth-restricted offspring at 4 mo of age (1), an observation also noted in young adult male offspring programmed by in utero exposure to other developmental insults (34, 44) . Glomerular hypertrophy sustains GFR in the presence of reduced nephron number in male rats exposed to maternal protein restriction (44) , suggesting that male offspring exposed to a developmental insult are at an increased risk for an accelerated age-related decline in renal function that may also contribute to age-dependent increases in BP. Renal function was not determined in the present study. Whether nephron number is reduced in our model at 4 mo of age or with aging up to 12 or 18 mo of age is not yet known, but an age-related decline in renal function that is accelerated in male growth-restricted offspring may be another potential mechanism that contributes to accelerated CV aging following a developmental insult.
The prevalence of hypertension in the elderly approaches 60 to 80%. Yet, appropriate therapeutic regiments for treatment of age-associated increases in BP are difficult to recommend due to the lack of investigation into BP control in the elderly. The etiology of increased BP and CV risk in elderly patients exposed to a developmental insult is less understood. A recent study by Luu et al. (27) suggests that physicians consider gestational age and birth weight in the prevention and management of chronic health. Thus, further studies are needed to explore the etiology of accelerated CV aging and increased CV risk that has its origins in early life to properly manage hypertension in the elderly that were born low birth weight or preterm. GRANTS B. T. Alexander is supported by the American Heart Grant GRNT19900004 and National Institutes of Health (NIH) Grants HL074927 and HL51971. S. Intapad is supported by funding from the American Heart Association (AHA), 12POST1198002, and NIH Grant P20GM104357. J. H. Dasinger is supported by funding from the AHA, 15PRE24700010, and NIH Grant T32HL105324.
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